We have studied adsorption, desorption, and decomposition of ethers on Ru(001), an atomically-smooth metal surface. We have compared diethers with monoethers, and fluorinated ethers with hydrogenated ethers. The number of ether linkages does not strongly influence adsorption bond strength, nor the extent of decomposition. Fluorination does weaken the adsorption bond strength and prevents decomposition. These studies suggest that the surface properties of monomeric ethers can be used to predict properties of oligomeric, and perhaps even polymeric, ethers. We have studied adsorption, desorption, and decomposition of ethers on Ru(001), an atomically-smooth metal surface. We have compared diethers with monoethers, and fluorinated ethers with hydrogenated ethers. The number of ether linkages does not strongly influence adsorption bond strength, nor the extent of decomposition. Fluorination does weaken the adsorption bond strength and prevents decomposition. These studies suggest that the surface properties of monomeric ethers can be used to predict properties of oligomeric, and perhaps even polymeric, ethers.
Introduction
Polymeric, fluorinated ethers are marketed as industrial lubricants, under trade names such as Krytox [1], Demnum [2] , and Fomblin [3] . In some applications, the surface chemistry of the ether is quite important to its proper function as a lubricant. An example of such an application is in the lubrication of computer disks, where thin layers (perhaps only one molecule thick) of lubricant serve to protect the disk from the head. The lubricant is often non-replenishable, or replenishable only to a limited extent, so that its loss by any mechanism can be catastrophic. The lubricant must therefore adhere strongly to the substrate, to avoid being swept off by centrifugal force. The lubricant must also resist chemical degradation. In this application, then, the important issues of surface chemistry are the adsorption bond strengths and decomposition reactions of the ethers.
Another area in which these compounds find application is the aeronautical and space industry, where several physical properties combine to make them favored choices as bearing lubricants [e.g. 4] . Here, too, surface chemistry is important, since the perfluoropolyethers can undergo decomposition reactions which are (apparently) catalyzed by metal surfaces (5-7, and references therein]. The reactions are accompanied by evolution of gases and corrosion of the metal. The important issue for surface science in this case is identification of the decomposition mechanism, and identification of those factors which stabilize the ether ag,inst catalytic decomposition.
.
In principle, surface science is ideally poised to address issues such as these, via studies of adsorption bond strengths and decomposition pathways in model systems. As yet, however, the techniques of modern surface science have been rarely applied to fundamental studies of fluorinated ethers. In fact, there have been only two reports in the literature. In one of these, we studied perfluorodiethyl and perhydrodiethyl ether on Ru(OOI) [8] . We found that fluorination weakens the chemisorption bond to the metal, presumably because fluorination retards electron donation into the metal from the oxygen lone pairs of the ether [8] . This result parallels that of Avery [9] , who studied Springer Series in Swface Sciences, Vol. 17 
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Adhesion and Friction Editors: M. Grunze and HJ. Kreuzer hexafluoroacetone (a ketone which can bond to the surface in a fashion similar to an ether, i.e. via electron donation from a lone pair). This molecule bonds more weakly to Pt(111) than does the hydrogenated analog [9] . Another study was that of Ng et al. [10] , which focused on dimethyl ether and its partially-fluorinated analog, (CF 2 H)~O, on Al 2 0 3 . They found that neither species undergoes detectable decompos1tion. lhe desorption temperature of the fluorinated ether indicates an adsorption bond strength of 33 kJ/mol. Their results, for a partially-fluorinated ether adsorbed on a metal oxide substrate, Al 2 0;3, are roughly comparable to our own results for a perfl uori nated ,Hher aasorbed on the meta 11 i c Ru(001) substrate. This may indicate.that the chemistry of ethers on metal oxides will not differ grossly from that of ethers on metals, although more extensive work is certainly necessary before this conjecture is on firm ground.
The present pap~r describes an extension of our work, from simple diethyl ether, to ~arger and more complex molecules. These larger molecules, dimeric ethers, are one step closer to the commercial polyethers. By comparing the surface chemistry of monomeric and dimeric ethers, we begin to test the validity of using monomers as models for polymeric compounds in these types of studies.
Experimental
The experiments are performed in an ion-pumped stainless steel UHV chamber. The chamber base pressure is 7x10" 11 Torr. The experimental apparatus and methods are described in detail elsewhere [8, 11] . The Ihermal Qesorption ~pectroscopy (TDS) technique is used to determine adsorption bond strengths. The experiment consists of two steps. First, a surface is dosed with the gas of interest. Second, the sample is heated in vacuum while monitoring the gas phase. The temperatures at which the molecules and/or decomposition products desorb from the surface are related to the molecule-surface bond strength, and/or to the activation energy of the decomposition reaction.
Results
Two sets of thermal desorption spectra are shown in Figs. 1 and 2. These spectra are representative of our results to date. These spectra are obtained following adsorption of an ether on the atomically-smooth Ru(001) surface. Figure 1 illustrates desorption of CH 3 CH 2 0CH 2 CH 3 , which we refer to by its common name of diethyl ether. Figure 2 shows aesorption spectra of CF 3 CF 2 0CF 2 CF 3 , which we similarly call perfluorodiethyl ether. We have also stuaiea three other ethers on this surface: CH 3 CH 2 0CH 2 0CH CH 3 , which we call diethoxymethane, CH 3 CH 2 0CH 2 CH~OCH 2 CH 3 , which we call dielhoxyethane,
, which we cal 1 perfluorodiethoxyethane. The ethers which we have studied on Ru(001) are summarized in Table 1 . Note that diethoxymethane and diethoxyethane are diethers, whereas diethyl ether is a monoether. The IUPAC-endorsed names of these c9mpounds, and desorption spectra of compounds other than diethyl ether, are available elsewhere [11] .
Thermal desorption spectra of a representative hydrogenated ether, diethyl ether, are shown in .... a.. The a-states exhibit typical first order desorption characteristics, including peak widths and temperatures which are approximately constant over the entire exposure range. We attribute the a-states to desorption of chemisorbed diethyl ether molecules. This conclusion is also based on the fact that the a-states saturate with increased exposure and have peak temperatures greater than that of the 1-state. Both a-states of diethyl ether on Ru(OOl) are quite broad (FWHM for a 1 = 54±13 K, a 2 = 20±3 K).
This broadness is observed also in the chemisorption states of the other hydrogenated ethers [11] .
The 1-state displays typical zero order desorption characteristics, including an increase in peak temperature and a decrease in peak width with increasing exposure. We attribute the 1-state to desorption from a condensed multilayer. This assignment is based on the 1nability to saturate the 1-state with increasing exposure, and its zero-order desorption characteristics. Multilayer desorption states are also observed for the other compounds described in Table 1 .
Analysis of the a 1 -state by Redhead's method for first-order desorption kinetics [12] yields a value of 51-53 kJ/mol for the desorption barrier at low exposures of diethyl ether. There is no evidence that adsorption is appreciably activated, so we equate the desorption energy to the adsorption bond strength. The a 2 -state bond strength is 43-44 kJ/mol. The moleculesurface bond strengths for the other compounds listed in Table 1 Table 2 . Diethoxyethane also exhibits multiple chemisorbed states. The two minority states represent only 24% and 4% of the total desorption peak area. The desorption energies for the minority states, calculated as described above, are 73 and 90 kJ/mol, respectively. For purposes of comparison with other compounds, only the desorption energy of the majority state of diethoxyethane is used.
Ruthenium surfaces are known to catalyze the decomposition of oxygenated hydrocarbons [13] [14] [15] [16] [17] [18] . We measure the extent of ether decomposition by measuring the amount of CO and H 2 which desorb from the surface [8, 11] . Carbon monoxide and hydrogen coverages are calculated by comparing desorption peak areas with peak areas for saturation coverage. Saturation coverage for CO is 0.67 monolayers [19] and for hydrogen is 2 monolayers [20, 21] . No desorption of other decomposition products is observed. We find that 0.04 to 0.17 monolayers of hydrogenated ethers decompose on the Ru(001) surface. These results are given in Table 2 . Comparing the yields of 0 (as CO) and hydrogen for the diethers shows that oxygen must be quantitatively converted into CO in the decomposition reaction, since the ratio of CO to H agrees, within the experimental error, to that expected from the O:H stoichiometry in the parent compound. Therefore, the amount of ether which decomposes is half the CO yield for the diethers. When calculating the extent of decomposition for the monomeric diethyl ether, we find that the values obtained based on CO and hydrogen yields do not agree with the molecular stoichiometry. We use the higher of these two values (that based on hydrogen yield) for the extent of diethyl ether decomposition, 0.17 monolayers. Apparently, the oxygen in this molecule is not quantitatively converted to CO. Thermal desorption spectra of a representative fluorinated ether, perfluorodiethyl ether, are shown in Fig. 2 . A sharp desorption feature, a, at ca. 165 K, is observed at low exposures (curves a-b). At higher exposures (curves c-d) another desorption feature, 1. emerges at ca. 130 K. The 1-state cannot be saturated with increasing exposure.
The a-peak exhibits first order desorption characteristics. It is attributed to chemisorbed perfluorodiethyl ether molecules for reasons analogous to those described above for diethyl ether. The desorption energy calculated for the narrow a-state (FWHM = 7 ± 1 K) is 42-43 kJ/mol (see Table 1 ). The 1-state displays typical zeJo order desorption kinetics and is attributed to desorption from a condensed multilayer of perfluorodiethyl ether.
In contrast to the hydrogenated ethers, the fluorinated ethers do not decompose significantly. The extent of decomposition, given in Table 2 , is less than our detection limit for CO (0.02 monolayers).
Discussjon

Fluorocarbons vs. Hydrocarbons
Previous investigations of ether-surface chemistry [22] [23] [24] indicate that ethers interact with metal surfaces in two ways. The stronger interaction consists of donation of electrons from the oxygen lone pair to the surface. This component contributes ca. 40 kJ/mol to the overall bond strength [22] [23] [24] [25] . One woul9 expect fluorination to weaken this ether-surface interaction due to the inductive withdrawal of electron density from the oxygen atom by the fl uori,nated a 1 kyl groups.
The other component of the ether-surface bond is the alkyl-metal attraction. This interaction is much weaker than the oxygen-metal bond; each methylene group contributes 5 to 6.5 kJ/mol to the overall ethersurface bond (23,24,26(27] . This type of interaction is observed for alcohols (23, 24] and cyclic hydrocarbons (26, 27] as well as ethers (23, 24] . Fluorination is expected to weaken this interaction as well, since the C-F bond is longer than the C-H bond (28] , and fluorine is more electron rich than hydrogen [29] . The carbon is held further away from the surface by the first factor; fluorine-metal repulsion is important due to the second factor.
Our results confirm that, in the limit of low exposure, fluorination does weaken the"ether-surface bond. As shown in Table 1 , diethyl ether molecules bond ca. 10 kJ/mol more strongly than the fluorinated analog, perfluorodiethyl ether, on Ru(001). Furthermore, fluorination also weakens the ether-surface bonds of diethoxyethane on Ru(OOI). Therefore, the fact that fluorination weakens the ether-surface bond appears to be independent of the number of ether linkages.
The instability of chemisorbed hydrogenated ethers relative to fluorinated ethers is reflected in our data in three ways. First, the yield of decomposition products (CO and HJ is measurable for hydrogenated ethers, whereas, the yield of CO for the tluorinated ethers is less than our detection limit (0.02 monolayers).
Second, the chemisorption peaks of the hydrogenated ethers are typically broad (c.f. Fig. 1 ), while the fluorinated ethers exhibit sharp peaks (c.f. Fig. 2 ). We suggest that the broadness of the peaks for hydrogenated ethers probably reflects the changing condition of the surface during desorption. In other words, desorption and decomposition are competing processes during the thermal desorption experiment.
The third trend is that the desorption yield of the hydrogenated ethers is relatively low in the low exposure limit. By contrast, fluorinated ethers show a linear increase in desorption yield with exposure. Figure 3 shows the desorption yield vs. exposure for diethyl ether and perfluorodiethyl ether on Ru(001). The desorption yield is determined by integrating the area under the thermal desorption spectrum. It is clear that the diethyl ether desorption yield increases slowly for exposures less than ca. 0.4 L. When the 1-state begins to fill, at ca. 0.4 L, the desorption yield increases at a faster rate. In contrast, the desorption yield of perfluorodiethyl ether varies linearly with exposure over the entire exposure range. Similar results are obtained for the other compounds listed in Table 1 . The change in slope for hydrogenated ethers, illustrated in Fig. 3 , suggests that a fraction of the chemisorbed molecules decompose rather than desorb. As a result, the number of hydrogenated molecules which desorb from the surface in the low-exposure regime is less than the number which ~sorb, leading to a relatively low desorption yield.
1 . 2 -r --------------. . , . . ---- The stability of chemisorbed fluorinated ethers, relative to hydrogenated ethers, is evident from the experimental facts discussed above. The decomposition mechanism of ethers is probably similar to the decomposition mechanism of alkoxides. The rate-determining step in the decomposition of surface ethoxide on Ni(lll) is C-H bond breaking at the a-carbon, which occurs at ca. 260 K [30] . A similar decomposition mechanism is reported for methoxide adsorbed on Ru(OOl), where C-H bond cleavage occurs at 220 K [16] .
If a decomposition mechanism similar to that for alkoxides operates for ethers, we expect decomposition of hydrogenated ethers to occur around 220 K on Ru(OOl). Chemisorbed diethoxymethane and diethoxyethane both remain on the surface up to this temperature. Decomposition via C-H bond breaking at an a-carbon is, therefore, a reasonable decomposition mechanism for these diethers.
There are good reasons, given below, to believe that the energy barrier for decomposition of the fluorocarbons exceeds that of the hydrocarbons. However, even if we assume for the moment that this barrier is the same for C-F and C-H bonds, the thermal desorption experiments could understandably induce a smaller extent of decomposition for the fluorocarbons than the hydrocarbons. This is because the fluorinated ethers desorb at lower temperatures, i.e. they simply may not stay in contact with the metal to temperatures high enough to initiate C-F bond breaking.
In addition to this effect, however, tJe barrier to breaking the C-F bond almost certainly exceeds that of the C-H bond. First, the C-F bond is simply stronger. For instance, the C-F bond in C~H~ (480 kJ/mole [31] ) is stronger than the C-H bond in C/ 6 (406 kJ/mole (j2J). Second, there may be a higher energy barrier preventing the C-F bond from approaching the surface. Due to repulsion between electron-rich fluorine atoms and the metal surface, the alkyl side chains of a fluorinated ether may not approach the surface as closely as the alkyl groups of a hydrogenated ether, resulting in less decomposition.
Monoethers vs. Diethers
Since diethers have two functional groups, a variety of bonding configurations are possible. One or both oxygen atoms can bond to the surface and the alkyl groups can approach the surface closely or remain far away. Diethers can, in principle, bond to the atomically-smooth Ru(OOI) substrate via both oxygen atoms without introducing intramolecular strain. Such ~2 (0,0)-bonded molecules would form adsorption bonds with · strengths on the order of 80 kJ/mol as a first approximation. Alternatively, only one oxygen atom could bond to the surface, perhaps for entropic or electronic reasons. 'Such an ~1 (0)-configuration should have an ether-surface bond strength comparable to that of a monoether.
We find that the addition of a second ether linkage increases the ether-surface bond strength (s~e Table 1 ), but diether-surface bonds are less than twice as strong as monoether-surface bonds. This suggests an ~1 (0)-bonding configuration for the diethers on Ru(001). We attribute the increase in bond strength of diethers over monoethers to the extra methylene linkages in the diethers, which can also interact with the surface.
Conclusions
We have studied the interaction between prototypical lubricant molecules and metal surfaces with surface science techniques. We find that fluorinated ethers bond more weakly to atomically smooth ruthenium surfaces than analogous hydrogenated ethers. Diethers appear to bond through only one ether linkage, since the bond strengths of diethers are not double those of monoethers. Between 0.04 and 0.17 monolayers of hydrogenated ethers (both monomers and dimers) decompose, while the fluorinated compounds are very stable toward decomposition. These results suggest that the surface properties of monomeric ethers, both hydrogenated and fluorinated, serve as good indicators for the surface properties of oligomers.
